B and C was mislabeled. ''HIC(2-144)'' should read ''HIC(144-146)'' and ''HIC(144-146)'' should read ''HIC .'' The corrected figure and its legend appear below. In addition, the authors note that on page 16364, the fourth sentence of the second full paragraph in the left column, ''However, for undetermined reasons HIC(2-144) could not be detected by Western blot,'' should read: ''However, for undetermined reasons HIC(144-246) could not be detected by Western blot.'' These errors do not affect the conclusions of the article. The I-mfa domain is involved in the down-regulation of HIV-1 LTR by HIC. Conditions were as above, but 293T cells were transiently transfected with 0.3 g of reporter pGL3-LTR and 0.03 g of p-TK in combination with 0.03 g of pCAGGS-Tat and 4 g of pFLAG-HIC, pFLAG-HIC(2-144), or pFLAG-HIC(144 -246). (C) As above, but Cos7 cells were transiently transfected with 0.1 g of reporter pGL3-LTR and 0.03 g of p-RL-bactin in combination with 0.005 g of pCAGGS-Tat and 2 g of pFLAG-HIC, pFLAG-HIC(2-144), or pFLAG-HIC(144 -246). (D and E) As described in B and C, but 293T and Cos7 cells were transiently transfected with pGL3-LTR⌬ instead of pGL3-LTR.
www.pnas.org͞cgi͞doi͞10.1073͞pnas.0510091102 To elucidate the origins of the MHC-B-MHC-C pair and the MHC class I chain-related molecule (MIC)A-MICB pair, we sequenced an MHC class I genomic region of humans, chimpanzees, and rhesus monkeys and analyzed the regions from an evolutionary standpoint, focusing first on LINE sequences that are paralogous within each of the first two species and orthologous between them. Because all the long interspersed nuclear element (LINE) sequences were fragmented and nonfunctional, they were suitable for conducting phylogenetic study and, in particular, for estimating evolutionary time. Our study has revealed that MHC-B and MHC-C duplicated 22.3 million years (Myr) ago, and the ape MICA and MICB duplicated 14.1 Myr ago. We then estimated the divergence time of the rhesus monkey by using other orthologous LINE sequences in the class I regions of the three primate species. The result indicates that rhesus monkeys, and possibly the Old World monkeys in general, diverged from humans 27-30 Myr ago. Interestingly, rhesus monkeys were found to have not the pair of MHC-B and MHC-C but many repeated genes similar to MHC-B. These results support our inference that MHC-B and MHC-C duplicated after the divergence between apes and Old World monkeys. long interspersed nuclear element (LINE) ͉ MHC class I chain-related molecule ͉ genomic evolution ͉ primate evolution W ith the progress of genome sequencing and analysis (1) (2) (3) (4) (5) (6) (7) (8) , various biological aspects have been revealed at the genomic level. One aspect is the notion that a genome is an evolutionary chimera; the genome of a species has been formed by incorporating a number of foreign pieces into the original structure during evolution. The foreign pieces include not only ordinary genes but also many types of repeated sequences, retroviruses, and genomic fragments. We now recognize that the genome of a species is not a ''pure'' entity, but is a hybrid of many pieces with different evolutionary origins.
Genomic evolution of MHC class I region in primates
For population genetics and molecular evolution, it has been shown that the majority of nucleotide substitutions observed so far are caused by neutral and selectively negative mutations (9-10), and a minor portion are attributable to selectively positive mutations (11) . It can now be considered that evolution at the molecular level has been driven mainly by neutral, nearly neutral (12) , and selectively negative mutations. On the other hand, the existence of genes evolving by selectively positive mutations has also clearly been demonstrated and confirmed at the genomic level for several cases, including the MHC (major histocompatibility complex) genes (13) .
Another aspect that has been extensively verified at the genomic level is the theory of evolution by gene duplication postulated by Ohno in ref. 14. A number of genes have been shown to possess their duplicated counterparts in the yeast genome (15, 16) , the human genome (17) (18) (19) , and other genomes (20) . Actually, in the case of the yeast genome, the duplicated genes are considered to be products of genome fragments duplication (GFD), rather than those of gene duplication (15, 16 ). The same is true for some cases of human duplicated genes that are not necessarily located on the same chromosome (18) .
Recently, we have sequenced the complete MHC class I genome regions of humans, Homo sapiens (21) , and chimpanzees, Pan troglodytes (22) , and a part of the counterpart of rhesus monkeys, Macaca mulatta. ʈ The genomic regions of the three species include a large number of orthologous (23) genes and of repeated sequences such as short interspersed nuclear elements (SINEs) and long interspersed nuclear elements (LINEs). This feature is particularly prevalent in the MHC class I genomic region, and provides excellent materials for studying genome evolution.
In this paper we shall discuss the evolutionary origin and history of MHC-B and MHC-C and those of the ape MHC class I chain-related molecule (MIC)A and MICB with special reference to LINEs that have coevolved with the two pairs of genes. To verify our result, we also estimated the divergence time of rhesus monkey by using orthologous LINE sequences in the genomic regions of humans, chimpanzees, and rhesus monkeys. We shall also discuss the role of GFD in the expansion of a genome in evolution.
Origin of MHC-B and MHC-C
The human MHC-B and MHC-C were generated by GFD in evolution (24) (25) (26) (27) (28) . This GFD was also confirmed by the genome sequencing of the whole human MHC gene complex (21) . Therefore, our effort focused on elucidating the duplication or divergence time of the two duplicated genomic fragments, B and C, in which MHC-B and MHC-C were respectively located. Note that earlier reports on the same subject were based on the analyses of the MHC genes themselves or neighboring SINEs (29, 30) . As mentioned earlier, MHC genes are good examples of selectively positive genes and, thus, are not guaranteed to have evolved constantly over time. SINEs are also considered to be subject to natural selection, because most of them are intact in the genome of a host species.
To estimate the duplication time with sufficient accuracy, we have to deal with genomic regions that have evolved constantly over time, such as neutral genes, nonfunctional genes, or noncoding sequences. We thoroughly analyzed the human B and C genomic fragments by using REPEATMASKER (www.repeatmasker.org, a service of the Genetic Information Research Institute), and we found that the region contained a large number of repeated sequences such as SINEs and LINEs that were paralogous (23) between the two duplicated fragments ( Fig. 1 b and c) . Three features were revealed regarding these repeated sequences. First, there were many pairs of paralogous LINE and SINE sequences in the This paper was submitted directly (Track II) to the PNAS office.
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ʈ The sequence data used in our analysis are available at the International Nucleotide Sequence Database Collaboration (DDBJ͞EMBL͞GenBank) under the accession nos. BA000025 (human), BA000041 (chimpanzee), and AB128049 (rhesus monkey). duplicated fragments. Second, whereas all SINEs were complete, all LINEs were fragmented, indicating that the former were still functional and subject to natural selection, whereas the latter were free from natural selection. Third, fragmented LINE sequences were located in introns as well as intergenic regions, implying that the sequences have no functional interactions with neighboring genes. Based on these features, we chose the fragmented LINEs for our study, because our main purpose was to estimate the divergence times of the MHC genes in question. Accordingly, our next problem was to estimate the evolutionary rate of the LINE sequences in question.
Having sequenced the complete MHC class I region of chimpanzee, we proceeded to comparative analysis of LINE sequences of humans and chimpanzees, for which the divergence time was known. By scrutinizing and comparing the human and chimpanzee sequences, we found a number of possible orthologous LINE sequences in the B and C fragments of the two species ( Fig. 1 a and b, for B fragment; c and d, for C fragment). All chimpanzee LINEs were also fragmented. We further examined whether these sequences were orthologous between the two species with respect to the order of locations, relationships with neighboring sequences, structure, 5Ј-3Ј direction, and sequence homology.
We identified 31 orthologous LINE sequences in the B fragments and 23 orthologous LINE sequences in the C fragments of the two species. Among them 15 LINE sequences were shared by all four fragments (Fig. 1 a, b, c, and d) . Using these 15 LINE sequences, we conducted pairwise alignments between the orthologous͞paralogous LINE sequences and selected those with more than 100 aligned sites. As a result, we obtained 15 aligned sequences in the B fragments and 13 in the C fragments; these, respectively, included 6,941 and 9,910 nucleotide sites. We then used Kimura's two-parameter method (31) for computing the evolutionary distances between the aligned LINE sequences because the ratio of transition to transversion was Ϸ2.0 for each pair of the fragments. The results are given in Tables 1 and 2 . We also tried Tamura's method (32) , but the result was not significantly different from that given by Kimura's method, indicating that our estimation was not affected by the contents of the four bases.
For the divergence time between human and chimpanzee, we adopted an estimate of 5.4 million years (Myr) (33, 34) . On the basis of this estimate, we obtained the evolutionary rate of the LINE sequences in the C fragments to be 3.89 ϫ 10 Ϫ9 substitutions per site per year. The rate of those in the B fragments was found not to be significantly different from that of the C fragments. Both rates were within the range of those of neutral genes (35) . We thus applied the evolutionary rate to calibrating the distance between the LINE sequences in the B fragments and those in the C fragment, and we estimated the duplication time between MHC-B and MHC-C to be 22.3 Ϯ 1.0 Myr ago (Tables  1 and 2 ). This result falls in the range of the estimate, 21-28 Myr ago, obtained by Pointkivska and Nei (29) . On the other hand, Alvarez-Tejado et al. (36) argued that a New World monkey species, Saguinus oedipus, had an MHC gene similar to MHC-C. However, because they used incomplete data for the comparison of New World monkeys with gorillas and humans, their conclusion may not be valid.
Origin of MICA and MICB in Apes
Whereas the MHC class I genes have been extensively studied and well documented, the MIC genes have not, despite interesting features such as associations with diseases (37, 38) . MIC genes are also responsible for an immune system that seems to be, on the whole, more primitive than that controlled by MHC genes (39, 40) . Therefore, the question is whether the MIC immune system is really primitive and an evolutionarily predecessor of the MHC immune system or, conversely, the former is a simplified version of the latter.
There are seven MIC genes in the human genome (41), among which the pair of MICA and MICB has been studied and characterized more extensively than the others. We thus focused on the evolutionary origin of this pair in human and chimpanzee. To study the origin of the pair, we again analyzed the relevant sequences in the MHC genomic fragments of human and chimpanzee by using REPEATMASKER. The analysis revealed that, whereas the human MICA and MICB were intact, the chimpanzee MICA and MICB fused together by deletion of a downstream region of the former and an upstream region of the latter. The deletion occurred some time after the ape and human lineages diverged. The chimpanzee MICA and MICB may thus collectively be called MICAB, in which the upstream and downstream regions are respectively orthologous to the human MICA and MICB. This observation clearly indicates that the MICA and MICB duplicated earlier than the divergence of human and chimpanzee, but the question is how much earlier?
To answer this question, we similarly computed the evolutionary distance between the orthologous LINE sequences of the two species. In this case, the evolutionary rate turned out to be 3.74 ϫ 10 Ϫ9 substitutions per site per year. By applying the rate to the distance, we estimated that the duplication giving rise to MICA and MICB occurred 14.1 Ϯ 0.9 Myr ago (Tables 3 and 4) . Seo et al. (42) studied MIC genes in rhesus monkeys, and found no orthologous pair of MICA and MICB in monkeys. Their result is consistent with our estimate. On the basis of our estimate, we could predict that gorillas and orangutans also have an MIC pair orthologous to the human pair or one of the pair. In fact, Cattley et al. (43) published a strong possibility that orangutans have such orthologous pairs.
Our estimates for the MHC-B-MHC-C pair and the ape MICA-MICB pair indicate that the former is evolutionarily older than the latter. However, this result does not necessarily mean that the MHC immune system originated before the MIC immune system, because there are more MIC genes than ape MICA and MICB genes, as mentioned earlier. Those MIC genes should be analyzed to clarify the point at issue. It can be said at the present that even if the MIC immune system is evolutionarily older than the MHC system, new MIC loci could be generated by GFD or other evolutionary events.
Accuracy of Our Estimate in Reference to the Origin of Rhesus Monkeys
Our estimates of the evolutionary origin of MHC-B and MHC-C could be verified with more confidence by examining them against phylogenetic relationships that include not only human and chimpanzee but also more distantly related primate species. As we also sequenced a part of the MHC class I genomic region for rhesus monkey, we could use the sequence data to verify our estimates. One way to accomplish the verification would be to demonstrate accurately when the Old World monkey diverged from the lineage leading to human and chimpanzee and whether or not the monkey has an orthologous pair of MHC-B and MHC-C.
To estimate the divergence time, we used our own sequence data for human, chimpanzee, and rhesus monkey. From each of the three sequences we selected an orthologous genomic region stretching from the CDSN to FLOT1 loci and detected fragmented LINE sequences in the region by REPEATMASKER. We examined the detected LINE sequences to determine whether they were orthologous among the three species by the same criteria mentioned earlier and found that each region contained almost 100 fragmented LINE sequences, yielding Ϸ30,000 aligned sites in total (Tables 5 and 6 ). We then computed the Kimura distance (31) between each pair of the aligned and concatenated LINE sequences of the three species. Also by using the same divergence time between human and chimpanzee, we computed the evolutionary rate of the LINE (31) , is located below and to the left of the diagonal; divergence time (Myr) is located above and to the right of the diagonal. *Calculated from an average of evolutionary distances between human MICB and chimp MICB regions and between human MICB and MICA regions. † Taken from Olson and Varki (33) for calibration of divergence time. sequences to be 2.31 ϫ 10 Ϫ9 substitutions per site per year, a value that again fell within the range of neutral mutation rates. This rate led us to an estimate that the divergence between rhesus monkeys and humans or chimpanzees occurred 27.0 Ϯ 0.6 Myr ago (Tables  5 and 6 ).
Table 2. Comparison of MHC B and C regions: Evolutionary distances and divergence times
Recently, Steiper et al. (44) reported that humans and rhesus monkeys diverged 29.2 to 34.5 Myr ago, which is a little earlier than our estimate. This discrepancy is because of the differences in data, methods, and calibrations between the two approaches. If we adopt 6.0 Myr as the divergence time between humans and chimpanzees, as they did, our estimate would increase to 29.9 Myr, which is now in agreement with theirs. In either case, our result indicates that MHC-B and MHC-C originated by GFD in the lineage leading to humans and chimpanzees after apes diverged from the Old World monkeys.
We then scrutinized the MHC class I region of rhesus monkeys, and we found that monkeys possessed not the pair of MHC-B and MHC-C but 19 genes repeated in tandem. The repeated genes turned out to be similar to MHC-B rather than MHC-C. This finding clearly demonstrates that rhesus monkeys do not have an orthologous pair of MHC-B and MHC-C, confirming our inference that the duplication of MHC-B and MHC-C occurred after the divergence between apes and Old World monkeys.
Discussion
We would first like to emphasize the advantages of using fragmentary orthologous LINE sequences in the estimation of phylogenetic relationships and divergence times. First, fragmentary orthologous LINE sequences are guaranteed to have evolved constantly over time. Second, they can be aligned easily and securely. Third, they can be joined together with no discrimination to accumulate a sufficient number of base pairs for evolutionary analysis. Finally, because they are scattered over a genome, it is possible to conduct genomewide analysis.
The two pairs of MHC-B-MHC-C and MICA-MICB are respectively located in two pairs of duplicated genome fragments 45-55 kbp long. This observation raises a fundamental question regarding how each pair was duplicated. There are number of reports on the observation and the molecular mechanism of GFD (15, 16, (45) (46) (47) (48) . Koszul et al. (16) observed that the size of duplicated fragments ranges from 41 to 490 kbp in yeast. In some of these reports, Koszul et al. propose a two-step mechanism consisting of the generation of a chromosome breakage and a new replication induced by the breakage, in which the second step does not necessarily require a long sequence homology (see figure 1 of ref. 49 for details). This proposal implies that the existence of fragmentary LINE sequences or SINEs in a genome could trigger GFD and produce pairs of duplicated genome fragments, as in the present case. Because there are large numbers of LINEs and SINEs scattered over the genomes of human and other primate species, it is reasonable to speculate that duplicated genome fragments exist ubiquitously over their genomes, and there are lines of evidence for this speculation (e.g., see refs. 18 and 20) . Therefore, GFD could be one of the major mechanisms common at least to the eukaryotes for expanding the size and function of the genome. GFD is, of course, an Epimethean event that keeps occurring unless natural selection or something else suppresses it (50). The force against GFD naturally operates in different manners in different species. Because rhesus monkeys have been shown to possess a number of repeated counterparts to MHC-B, the force is considered to operate less strongly on monkeys than on humans or chimpanzees.
Whereas the evolutionary rates of the fragmentary LINE sequences in the MHC and MIC regions are not significantly different from one another, the rate for the CDSN-FLOT1 region is somewhat slower. Although this difference does not seriously affect our estimates, some explanation is necessary. When we observed the distribution of genetic polymorphism over the entire MHC genomic region among human individuals, we found that the distribution was not uniform over the region, but showed a bell shape with a peak at each of the MHC-B and MHC-C loci (data not shown). This observation indicates that positive selection has operated not only on the MHC genes themselves but also on nearby regions. The same is possibly true for the counterpart sequences of the other two primate species. On the other hand, the influence of positive selection was not clearly observed in the CDSN-FLOTl region. These two distinct aspects could explain the difference in the evolutionary rates. Because we individually estimated the rate of the LINE sequences in the different genomic regions, our results are not affected by the difference in the rate.
It is interesting to ask which of the pair is closer to their ancestral gene, MHC-B or MHC-C. As we mentioned earlier, rhesus monkeys have repeated genes closer to MHC-B than MHC-C. It has also (31) , is located below and to the left of the diagonal; divergence time (Myr) is located above and to the right of the diagonal. *Calculated from an average of evolutionary distances of neutral regions between humans and rhesus monkeys and between chimpanzees and rhesus monkeys. † Taken from Olson and Varki (33) for calibration of divergence time.
been reported that some orangutan individuals possess MHC-B but not MHC-C (51). Together, this report and our finding suggest that MHC-B is more ubiquitous than MHC-C and, thus, that the former is closer to their ancestral locus than the latter. In this regard, it is perhaps worthy of pointing out that the IMGT database (http:// imgt.cines.fr:8104/) shows, as of May 2005, that the human MHC-B and MHC-C loci, respectively, have 661 and 190 alleles. More alleles at MHC-B locus than at MHC-C locus were observed also in chimpanzees (52) .
Having interpreted our results in reference to the theory of evolution by gene duplication postulated by Ohno in ref. 14, we propose a scenario regarding the origin and evolution of the MHC-B and MHC-C pair and the ape MICA and MICB pair. First, rhesus monkeys diverged from the lineage leading to apes Ϸ27 Myr ago; second, the ancestral MHC-B duplicated into MHC-B and MHC-C in the lineage leading to humans and chimpanzees 22.3 Myr ago; third, the ancestral ape MIC duplicated into the ape MICA and MICB in the same lineage, but later, 14.1 Myr ago; and, finally, the MICA and MICB fused by deletion in the lineage leading to chimpanzees (Fig. 2) . Ohno mentioned that, by gene duplication, an organism acquires two advantages, new functions and diversified functions (14) . The present case is one of the latter.
